Both the RNase H domain of Moloney murine leukemia virus (Mo-MLV) reverse transcriptase (RT) and
Reverse transcriptase (RT) of retroviruses synthesizes a double-stranded DNA copy of the single-stranded viral RNA genome (2, 33) . RT contains two enzymatic domains: a DNA polymerase domain that can use either RNA or DNA as a template and an RNase H domain that is required for degradation of genomic RNA in RNA-DNA hybrids. Mutations that disrupt the functions of either domain render the virus incapable of replication (29, 32) . During the course of reverse transcription, the minus-strand DNA is primed by a host tRNA annealed to the primer binding site (PBS) while the plusstrand DNA is primed by the polypurine tract (PPT), a fragment of the genome produced by RNase H action.
Nonspecific RNase H cleavage of the viral genome serves to free minus-strand DNA, which can then be used as a template for plus-strand DNA synthesis. Specific RNase H cleavages, however, occur in two regions of the genome. Cleavage between the PBS of the tRNA primer and the minus-strand U5 DNA occurs after minus-strand synthesis to remove the primer. This cleavage event defines the 5Ј end of the minusstrand DNA and ultimately the right end of the doublestranded viral DNA. Second, specific cleavages are used to produce the PPT to serve as a primer for plus-strand synthesis. After plus-strand synthesis initiation, the PPT primer is released from plus-strand DNA to define the 5Ј end of the plus strand and ultimately the left end of the viral DNA. Correct termini at both ends of the viral DNA have been shown to be important for successful integration of the DNA into the host genome (6, 7, 11) .
Alignments show that Moloney murine leukemia virus (Mo-MLV) RNase H and Escherichia coli RNase H contain a positively charged ␣-helix (the C helix) and loop that are absent from human immunodeficiency virus (HIV) RNase H and avian sarcoma-leukosis virus RNase H (see Fig. 1 ) (8, 14, 15, 18, 35) . Modeling with the E. coli enzyme suggests that the C helix is in a position to contact the RNA-DNA substrate. Functional studies of E. coli RNase H confirm that the C helix contributes to nucleic acid binding (16) . While the isolated HIV RNase H domain is not enzymatically active, insertion of the C helix into an independently expressed minimal HIV RNase H domain will activate the protein (19, 28) . It is believed that the HIV polymerase and connection domains normally compensate for the substrate binding function of the missing helix (13) .
Many different regions in retroviral RTs are probably important in determining the specificities of RNase H cleavages. The Mo-MLV RNase H domain requires regions from the polymerase domain for tRNA primer removal and proper PPT primer formation (24) . Likewise, the thumb and connection subdomains of the polymerase, provided in cis or trans, can activate HIV RNase H and allow the specific removal of tRNA Lys3 from minus-strand viral DNA (26) . An extended HIV RNase H domain and an HIV RNase H with the E. coli C helix also retain activity and cleavage specificity for tRNA Lys3 removal, presumably because both modifications confer nucleic acid binding ability (26) (27) (28) .
Deletion of the C helix in Mo-MLV (⌬C Mo-MLV) results in a replication-defective virus and an enzyme (⌬C RT) with impaired polymerase and RNase H activity (31) . While an in situ gel assay showed ⌬C RT to have significant RNase H activity (31) , more quantitative assays showed ⌬C RT's RNase H activity to be very low (5) . ⌬C RT's DNA polymerase activity on heteropolymeric RNA templates is also reduced, as was revealed both by in vitro assays and by reactions on the endogenous viral RNA in purified virions (3, 5, 31) . To further explore the role of the C helix, a panel of mutants with alterations in the helix was generated and the phenotypes of the defective mutant viruses were analyzed. In addition, the corresponding mutant RTs were expressed in bacteria, purified, and assayed in vitro. Here we report that in addition to facilitating nucleic acid binding for both the polymerase and RNase H domains, the C helix is important for PPT recognition and cleavage efficiency at the PPT-U3 junction.
Primers used in the amplification of Mo-MLV RT for I597A reversion cloning were forward primer RTSN (5Ј-GAGGGATCAGGAGCT-3Ј) and reverse primer IntZ (5Ј-GATCTCCCAATGAGTGCC-3Ј).
Primers used in circle junction analysis were as follows. Primers to amplify R-U5-U3 were forward primer ss-ps (see above) and reverse primer U3-rev (5Ј-CCGAGTGAGGGGTTGTGGGCT Ϫ3Ј). All oligonucleotides were synthesized on Applied Biosystems model 394 and 3948 DNA synthesizers at the Columbia University Protein Chemistry Core Facility, Howard Hughes Medical Institute.
Protein purification. The expression plasmid pRT-HIS-30-2 and its relevant mutant plasmids were used to transform a BL-21-CodonPlus E. coli strain (Stratagene). A 300-ml culture was grown overnight for each mutant, centrifuged, and resuspended in 10 ml of 50 mM Tris (pH 8)-100 mM NaCl-1 mM phenylmethylsulfonyl fluoride. Lysozyme was added to 1 mg/ml, and the suspension was incubated on ice for 30 min. The suspension was next sonicated and ultracentrifuged at 100,000 ϫ g for 25 min. NaCl was added to 500 mM, and 250 l of Ni-agarose beads (QIAGEN) was gently mixed in the suspension for 1 h at 4°C. The Ni-agarose beads were spun down and washed twice with 500 mM NaCl-50 mM Tris (pH 8) and then washed three times with 50 mM NaCl-50 mM Tris (pH 8)-10 mM imidazole. Bound protein was then eluted with 8 ml of 50 mM NaCl-50 mM Tris (pH 8)-100 mM imidazole. The protein solution was dialyzed into 50 mM NaCl-25 mM sodium phosphate (pH 7.4)-2 mM EDTA-5 mM ␤-mercaptoethanol-5% glycerol. The protein was purified over a mono-S, cation-exchange chromatography column (Pharmacia) by using a gradient of 0 to 500 mM NaCl. Protein solutions were concentrated and dialyzed with Centricon 30 concentrators (Amicon) in 50 mM NaCl-20 mM sodium phosphate (pH 7.5)-1 mM EDTA-5 mM ␤-mercaptoethanol-5% glycerol. Proteins were quantitated by Bradford assays, and glycerol was then added to 50%. Protein concentrations were then also checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis by using bovine serum albumin as protein concentration standards. Protein preparations were stored at Ϫ20°C.
Cell culture, viral-spread assay, transformation of 293T cells for viral preparations, and acute infections of NIH 3T3 and Rat2-2 cells. NIH 3T3 and Rat2-2 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum and penicillin-streptomycin. 293T cells were grown in DMEM supplemented with 10% fetal calf serum and penicillin-streptomycin. The 293T cells had been previously selected for a combination of superadherence to tissue culture plates and overexpression of transfected genes (293T-SAO cells). The cells were a generous gift from the laboratory of R. Axel, Columbia University. All cells were grown at 37°C and 5% CO 2 .
Assays for viral spread were performed as previously described (1, 30) . About 70%-confluent 293T cells in 100-mm-diameter plates were washed three times with phosphate-buffered saline. Twenty micrograms of each WT or mutant pNCA or pNCS plasmid was then used to transiently transfect the cells by the calcium phosphate method (34) . Culture medium was harvested 48 h posttransfection, filtered through a 0.45-m-pore-size filter, and buffered with 25 mM HEPES (pH 7). A portion of each culture supernatant was further purified by ultracentrifugation through sucrose cushions as previously described (30) . The virus concentration for each preparation was quantitated by Western blot analysis, using an anti-RT antibody, chemiluminescence (ECL), and a Molecular Dynamics densitometer with ImageQuant analysis software. The H594A, I597A, R601A, G602A, and ⌬C mutant viral preparations and the WT were also quantitated by exogenous reverse transcription assays since all of these viruses had equivalent levels of polymerase activity. Viral preparations were aliquoted and stored at Ϫ70°C. After dilution and normalization of all viral preparations, 15 U of DNase I (Boehringer Mannheim) per ml was added for 30 min at 37°C to degrade contaminating plasmid DNA. Aliquots of undiluted mutant and WT viruses were incubated for 15 min at 70°C for heat inactivation. Polybrene was added to 8 g/ml to 2 ml of each viral preparation, which was then used to infect NIH 3T3 or Rat2-2 cells in 100-mm-diameter plates. Infected NIH 3T3 cells were then split 1:10 every three days, at which times aliquots of supernatants were collected to monitor RT activity. Low-molecular-weight DNA was collected 16 h postinfection from Rat2-2 cells (12) . The DNA was then used for PCR analysis of reverse transcription and circle junction long terminal repeat (LTR)-LTR analysis.
Exogenous and endogenous RT (polymerase) assays. Virion production was detected (and quantitated for the H594A, I597A, R601A, G602A, and ⌬C mutant viruses and the WT) by exogenous oligo(dT)·poly(rA) primer-template assays in the presence of radiolabeled dTTP (Pharmacia) and Mn 2ϩ as previously described (10, 30) . Bacterially expressed RTs previously quantitated by Bradford assays were also used in the exogenous RT assay.
Endogenous RT assays measure activity in vitro in purified, ultracentrifuged virions on an endogenous viral RNA template in the presence of radiolabeled dTTP as previously described (30) . I597A reversion cloning. Four separate viral supernatants were harvested from NIH 3T3 cells actively replicating virus from acute infections with the I597A mutant virus. Supernatants were diluted 1 to 50 and repassaged through uninfected Rat2-2 cells four times. Sixteen hours after the fourth passage, lowmolecular-weight DNA was collected. All four preparations were used as templates for PCR amplification of the Mo-MLV RT gene with the primers RTSN and IntZ. PCR products (2,438 bp) were digested with BclI and HindIII, resulting in a 2,154-bp digestion product, which was ligated back into pNCA. Unique proviral DNA clones from all four viral stocks were used to transform NIH 3T3 cells. A number of clones (8 of 12 analyzed) from each of four viral stocks displayed viral-spread kinetics similar to that of the WT. Sequencing revealed all reverted clones to have valine instead of alanine at position 597, a single nucleotide change from GCA to GTA.
RNase H assays. The nonspecific, in vitro RNase H assay on the heteropolymeric template was previously described by Schultz and Champoux (24) . The in vitro PPT recognition and RNase H assay was also previously described (24) .
PCR analysis of reverse transcription in vivo. Low-molecular-weight DNA from acutely infected Rat2-2 cells was used for analysis of progression through different steps of reverse transcription. The PCR primers ss-ps and ss-as were used to amplify the R-U5 region. The PCR primers RTSN18 and Bcl-rev were used to amplify the C terminus of protease and N terminus of RT for detection of the synthesis of long minus-strand DNA. The primers ss-ps and MM5 were used to amplify R-U5-PBS-psi to detect plus-strand strong-stop jumping and elongation. Reaction conditions were 94°C for 15 s, 50°C for 30 s, and 72°C for 45 s. The PCR was performed with native Taq polymerase (PerkinElmer) for 20 cycles, followed by a 7-min cycle at 72°C in a GeneAmp PCR system 9700 (PerkinElmer).
Circle junction analysis. LTR-LTR circle junction analysis was performed by a modification of a previously described protocol (25) , which was utilized in this lab (1) . Here primers ss-ps and U3-rev were used to amplify an R-U5-U3 region within circle junctions from low-molecular-weight DNA collected from acutely infected Rat2-2 cells. The fragment was cloned directly from the PCR with a TOPO TA cloning kit (Invitrogen) according to the manufacturer's protocol. Clones were sequenced on both strands.
RESULTS
C helix mutant viruses exhibit various defects in virus replication. The Mo-MLV RNase H C helix includes Mo-MLV RT residues H594 to R601, corresponding to E. coli RNase H residues W81 to R88 (Fig. 1) . It has been hypothesized that the conserved string of positively charged residues binds the neg- I593A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGTATATTTCTCCATGGGCATGGGCAGTAGCAAAAGC-3Ј  H594A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGTATATTTCTCCAGCGATATGGGCAGTAGCAAA-3Ј  G595A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGTATATTTCTGCATGGATATGGGCAGTAGC-3Ј  E596A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGTATATTGCTCCATGGATATGGGCAGT-3Ј  I597A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGTATGCTTCTCCATGGATATGGGC-3Ј  Y598A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTCTGGCTATTTCTCCATGGATATG-3Ј  R599A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCCTTGCGTATATTTCTCCATGGAT-3Ј  R600A  5Ј-TTTGCCTTCTGACGTCAGCAACCCACGCGCTCTGTATATTTCTCCATG-3Ј  R601A  5Ј-TTTGCCTTCTGACGTCAGCAACCCAGCCCTTCTGTATATTTCTCC-3Ј  G602A  5Ј-TTTGCCTTCTGACGTCAGCAACGCACGCCTTCTGTATATTTC-3Ј  L603A 5Ј-TTTGCCTTCTGACGTCAGCGCCCCACGCCTTCTGTATAT-3Ј
a Boldfaced and underlined nucleotides represent mutated sequence. The E. coli C helix is italicized (E. coli Q80 to W90). Gaps indicating deleted sequence in Del 1, 2, and 3 are marked by hyphens.
b The mutant in which E. coli Q80 to W90 is substituted for the Mo-MLV C helix.
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atively charged phosphate backbone of RNA-DNA hybrids (16) . To explore the role of the Mo-MLV RNase H C helix, a panel of mutations affecting residues from I593 to L603 was generated and inserted into an infectious, proviral DNA clone of Mo-MLV ( Fig. 1 and Table 2 ). The panel included complete deletion of the helix (⌬C), smaller deletions, substitution of alanine for each residue, substitution of threonine for I597, and substitution of arginine or tryptophan for Y598. Additional mutations were focused on arginine residues 599 to 601. Substitution of glutamate for each arginine was introduced as a reversal in electrostatic charge. Double and triple alanine and glutamate substitutions were introduced for all arginine residues. Finally, the E. coli RNase H C helix sequence (Q80 to W90) was substituted for the Mo-MLV RNase H C helix (I593 to L603). Mutant proviral DNAs were used to transform NIH 3T3 cells, and culture supernatants were collected over the course of several days and assayed for RT activity as an indicator of viral replication and spread (Table 2 and Fig. 2 [not all data are shown]). WT gave rise to a spreading infection, and RT could be detected within 3 days. Many of the various mutant viruses showed either no viral replication or a delayed appearance of RT activity. The ⌬C mutant never produced replicating virus, as was shown previously (Table 2 and Fig. 2 ) (31). Mutants Del 1, Del 2, and Del 3, each containing smaller deletions within the helix, also failed to replicate. Mutants with a single substitution of alanine or glutamate for either of the first two arginines (R599A, R600A, R599E, or R600E) replicated with kinetics similar to that of the WT virus. Mutants with double substitutions of both R599 and R600 with either alanine or glutamate (R599A R600A and R599E R600E), however, were incapable of replication. Of 31 new mutant viruses analyzed, all the mutants with an alteration or deletion of R601 were replication defective. These results suggest that it is essential to retain at least one of the first two arginines and also crucial to retain the third arginine residue.
Several of the substitution mutants showed partial defects in replication. The alanine substitution I597A virus consistently showed a 14-day delay in the appearance of a detectable RT signal relative to that of the WT, while the I597T virus showed a 5-to 6-day delay in detectable viral spread. The better replication of the threonine substitution virus relative to that of the alanine substitution virus may be due to the beta-branched structure of threonine or simply a requirement for a gammacarbon at position 597. Of the other mutants, the G602A mutant had a 5-day and the H594A mutant had a 3-day delay (Table 2 and Fig. 2 ; the I597A and G602A mutants arose slightly early in this figure). The H594A G602A double mutant was replication incompetent (Table 2) , further confirming the importance of these two residues. Mutant viruses with a substitution at residue I593, G595, E596, or L603 were fully replication competent.
Previous work has shown that substitution of valine for Y598 significantly attenuates the ability of the virus to spread and reduces minus-strand strong-stop DNA strand transfer (3). Here we found that substitution of arginine for Y598 resulted 
a Mo-MLV proviral plasmids were used to transform NIH 3T3 cells. Culture supernatants were harvested every few days and tested for RT activity. ϩ, RT activity detected by 3 days (WT viral replication kinetics). Defective but viable viruses are indicated by the number of days beyond three when RT activity was detected. Ϫ, no RT activity ever detected.
b Mutant Mo-MLV proviral plasmids were used to transform 293T cells. Virus was harvested, normalized by anti-RT Western blot analysis, and used in exogenous reactions to assay polymerase activity. ϩϩϩ, WT RT polymerase levels of activity; ϩϩ, two-thirds of the level of WT RT polymerase activity; ϩ, one-third of the level of WT RT polymerase activity. Single-alanine-substitution mutants with WT kinetics of viral replication were not utilized in this assay or any further assays.
c Viral supernatants were concentrated through sucrose cushions, normalized by anti-RT Western blot analysis, and utilized in endogenous-RT reactions. Reverse-transcribed DNA was purified and analyzed on an 8% nondenaturing polyacrylamide gel. ϩ, detectable minus-strand strong-stop DNA (close to WT levels); ϩ/Ϫ, very little detectable minus-strand strong-stop DNA (less than 5% of WT levels); Ϫ, no detection of minus-strand strong-stop DNA.
d ND, not determined.
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on October 14, 2017 by guest http://jvi.asm.org/ in a replication-incompetent virus but that substitution of alanine or tryptophan did not affect viral-spread kinetics (Table  2) . Kanaya et al. showed that in E. coli RNase H, substitution of alanine for W85 (the homologous residue of Y598) resulted in decreased catalytic efficiency (decrease in V max ), most likely due to changes in tertiary structure. E. coli residues K86, K87, and R88 correlate with Mo-MLV RT residues R599, R600, and R601, respectively (Fig. 1) . The substitution of the E. coli C helix for the Mo-MLV C helix resulted in a mutant RT with exogenous polymerase activity, suggesting overall proper folding of the polymerase domain ( Table 1 ). The mutant virus, however, was incapable of replication. This may be due to reduced efficiency of polymerase activity in vivo, improper folding of the RNase H domain, or possibly the insufficient substitution of lysine residues for R599 and R600 and substitution of intolerable residues for other critical Mo-MLV C helix residues (i.e., H594, I597, and G602).
The I597A mutant virus reverts to valine. The I597A mutant virus was able to give rise to spreading virus, but there was a very long delay, compared to the initiation of spread of the WT virus. Thus, selective pressure for reversion of this mutation was likely to be very high. To test for the appearance of revertants, four separate viral supernatants were harvested from acutely infected NIH 3T3 cells actively spreading I597A mutant virus. Supernatants were diluted 1 to 50 and repassaged through uninfected Rat2-2 cells four times. Sixteen hours after the fourth passage, low-molecular-weight DNAs were collected from the four cultures and used as templates for PCR amplification of the Mo-MLV RT gene. PCR products were used to replace the corresponding WT fragment of the fulllength Mo-MLV genome. Three independent proviral DNA clones from each of four viral harvests (a total of 12 clones) were used to transform NIH 3T3 cells. A number of clones produced virus capable of replicating with WT kinetics ( Fig. 3 ; 6 of 12 clones are shown). DNA sequence analysis revealed that all reverted clones encoded valine instead of alanine at position 597, due to a single nucleotide change from GCA (Ala) to GTA (Val). It is interesting that valine is the only other hydrophobic amino acid besides the parental isoleucine with a beta-branched carbon atom. These results emphasize the importance of residue 597.
C-helix mutant RTs retain polymerase activity and vary in their abilities to synthesize minus-strand strong-stop DNA in endogenous RT reactions. To test other functions of the mutant RTs, we prepared virions by transient transfection of 293T cells with the mutant viral DNAs, such that secondary viral spread was prevented. Viral stocks were prepared by harvesting the supernatants 48 h after transfection. After normalization by Western blot analysis using anti-RT antibodies (data not shown), virions were lysed and used in RT assays on homopolymeric templates to quantitate RNA-dependent DNA polymerase activity (data not shown). All virions assayed displayed levels of DNA polymerase activity that were within threefold of each other ( Table 2 ). All single-alanine-substitution mutant viruses analyzed (the H594A, I597A, R601A, and G602A mutants) as well as the ⌬C mutant, had WT levels of DNA polymerase activity. To confirm these data, a number of mutant RTs expressed in bacteria were compared with one another. His-tagged versions of the H594A, I597A, R601A, G602A, and ⌬C mutant RTs and WT RT were expressed in bacteria and purified (see Materials and Methods). Protein concentrations were normalized, and the purified proteins were utilized in exogenous RT assays. The DNA polymerase specific activities of all the purified proteins were equivalent to that of WT RT.
To test for the ability of the mutant RTs to reverse transcribe endogenous viral RNA, virions were purified by centrifugation through sucrose step gradients. After normalization by Western blot analysis using anti-RT antibodies, equal amounts of the purified virions were used in endogenous RT reactions to assay minus-strand strong-stop synthesis (Table 2 and Fig.  4) . WT virus efficiently reverse transcribed viral RNA to form minus-strand strong-stop DNA of 145 nucleotides and accumulated DNAs of larger sizes migrating throughout the entire lane of the gel (Fig. 4, lane 6 ). The C helix H594A, I597A, R601A, G602A, and ⌬C mutants produced minus-strand strong-stop DNA but did not synthesize longer DNA products as efficiently as WT virus. This is evident by the reduction in the amounts of DNA products larger than the 145-nucleotide minus-strand strong-stop DNA compared to the amounts of the WT DNA products (Fig. 4, compare lanes 1 to 5 to lane 6) . In this particular experiment, the ⌬C virus produced some DNAs smaller than 145 nucleotides (Fig. 4, lane 5 ). These DNAs have been previously hypothesized to be prematurely terminated, tRNA-primed minus-strand products (31) . Such products were occasionally observed with the other alanine substitution mutant viruses (data not shown). The reduced levels of long DNA suggest that the mutant RTs make minusstrand strong-stop DNA but specifically fail to perform firststrand transfers for synthesis of longer minus-strand DNA. Those mutants with multiple changes of the conserved arginine residues showed very little or no minus-strand strong-stop DNA synthesis (Table 2) . Thus, although they exhibited DNA polymerase activity on exogenous templates, they were not active on endogenous viral RNA, which suggests that the three arginines played an important role. While a charge reversal of one arginine was not sufficient to completely disrupt RT activity, a charge reversal of two or more arginines did. Del 3 and the mutant that substituted the E. coli C helix for the Mo-MLV C helix also displayed no observable minus-strand strong-stop DNA. All these mutants that displayed no minus-strand strong-stop DNA may have major defects in minus-strand initiation, possibly from inefficient priming from tRNA Pro bound to the PBS region.
The H594A, I597A, R601A, G602A, and ⌬C mutant RTs differ in levels of RNase H activity on heteropolymeric RNA-DNA hybrids in vitro. A subset of the mutants was selected for further characterization. The H594A, I597A, R601A, and G602A mutant RTs were further analyzed in comparison to ⌬C and WT RTs. His-tagged versions of the mutant RTs were expressed in bacteria and purified on Ni-agarose beads. The isolated enzymes were then utilized on a heteropolymeric RNA-DNA substrate containing radiolabeled RNA. The substrate was incubated with equivalent amounts of mutant and WT RTs. Aliquots of each reaction mixture were collected, and the release of acid-soluble, low-molecular-weight, radiolabeled RNA was measured (Fig. 5) . The H594A and G602A mutant RTs exhibited roughly 50% of the level of WT RNase H activity. The R601A and ⌬C mutant RTs retained only approximately 8 and 4% of the WT level of RNase H activity, respectively. The low activity of ⌬C is in accordance with data of Boyer and his colleagues (5) . Except with the I597A mutant, these results are consistent with the replication behavior of mutant viruses containing these mutations and suggest that the reduced RNase H activity could be responsible for the replication defects seen in the mutants. The I597A mutant displayed high activity, 90% of that of the WT, and thus the replication defect of this mutant cannot be explained by a simple loss of RNase H activity. Further analysis to explain replication defects for the I597A mutant is presented below.
PCR analysis of viral DNAs reveals that the H594A, I597A, and G602A mutant viruses successfully reverse transcribe low levels of long viral DNA. Since C helix H594A and G602A point mutant viruses are capable of slow replication and the I597A point mutant reverts to a replication-competent virus, these mutants presumably were able to synthesize at least low levels of viral DNA. PCR was utilized as a sensitive assay to detect viral-DNA synthesis. Low-molecular-weight DNAs were collected from Rat2-2 cells infected with various mutant viruses and the WT virus. The DNA was used as a template for PCRs to amplify products arising at three separate points during reverse transcription. Rat2-2 mitochondrial DNA primers were used for all infections to confirm that comparable numbers of cells were used for all DNA preparations (data not shown). To be sure that amplified products were derived from reverse-transcribed DNA and not contaminating plasmid DNA in the virus, undiluted viral supernatants were heat inactivated for 15 min at 70°C and used for infections. No viral DNA was detected in the low-molecular-weight DNAs col- FIG. 4 . Endogenous RT assays. Supernatants from 293T cells transiently producing mutant or WT virus were collected. Virions were purified through 25 to 45% sucrose step gradients, followed by an additional purification through 25% sucrose. Virus preparations were quantitated and normalized by exogenous-RT assay. The endogenous RT assay was performed in the presence of 0.05% NP-40 for 30 min to detect synthesis of the 145-bp minus-strand strong-stop DNA in an 8% nondenaturing polyacrylamide gel. Reaction mixtures with the supernatants from the ⌬C mutant, the WT, and mock-transfected 293T cells were run in a separate gel. (Fig. 6 , all lanes labeled HI). Primers amplifying the R-U5 region were used to monitor the formation of minus-strand strong-stop DNA. The H594A, I597A, and G602A mutant viruses displayed minus-strand strong-stop DNA synthesis, albeit at an efficiency lower than that of the WT virus (especially evident in the 1:10 dilutions) (Fig. 6A) . The R601A mutant virus displayed only exceedingly small amounts of minus-strand strong-stop DNA synthesis, while ⌬C showed no detectable minus-strand strong-stop DNA FIG. 6 . PCR amplification of viral DNA reverse transcribed in vivo by the C helix mutant viruses and WT virus. Rat2-2 cells were infected with the mutant and WT viruses and serial dilutions (no dilution [ND], 1:10, and 1:100). Low-molecular-weight DNAs were collected 16 h postinfection and used as templates for PCRs amplifying products at different points in reverse transcription. Heat inactivated virus (HI) and no virus (mock) were used as a negative controls for confirming virus-mediated reverse transcription, while plasmid DNA (pNCS) was used as a positive control for the PCR primers. (A) PCR amplification of minus-strand strong-stop DNA. Primers that amplify a 126-bp stretch of the R-U5 region were used. Dilutions were carried out to 100-fold (1:100). (B) PCR amplification of long minus-strand DNA. Primers that amplify a 202-bp region of protease and RT were used to detect synthesis of long minus-strand DNA. (C) PCR amplification of plus-strand DNA synthesis. Primers that amplify a 394-bp stretch with R-U5-PBS-psi were used to confirm plus-strand jumping and elongation.
synthesis. These results for the R601A virus and ⌬C differed from the results of endogenous reactions assaying minusstrand strong-stop DNA synthesis in vitro, in which the levels of minus-strand strong-stop DNA synthesis were similar to those seen with the other mutant viruses (Fig. 4, compare lanes  3 and 5 to lanes 1, 2, and 4) .
Primers amplifying a region of the protease and RT genes within polymerase were used to assay the synthesis of long minusstrand DNA. Only low levels of minus-strand DNA were synthesized by the H594A, I597A, and G602A point mutant viruses (Fig.  6B) . The H594A point mutant virus synthesized slightly less minus-strand DNA than the I597A and G602A mutant viruses. There was almost no detectable synthesis of long minus-strand DNA for these point mutant viruses at the 1:10 dilution and much less than was seen with WT virus. The R601A mutant had very little detectable minus-strand synthesis, while mutant virus ⌬C had no detectable minus-strand synthesis. These results suggest that the mutant viruses are strongly deficient in processive synthesis after first-strand transfer. Overall, the data for the H594A, I597A, and G602A mutants confirm the results observed previously for endogenous reactions (Fig. 4 ) and viral-spread kinetics (Table 1) . Defects in RT processivity would certainly contribute to delays in the kinetics of mutant virus spread. The I597A mutant virus was the most delayed in viral spread but was no more deficient in minus-strand DNA synthesis than the H594A and G602A mutants. This suggests that other undetected defects may be responsible for the I597A mutant's longer delay in viral spread.
Finally, primers were used to detect plus-strand-DNA synthesis by amplifying a region that contained the R, U5, PBS, and psi regions. Such amplification was possible only after plus-strand strong-stop translocation had occurred and polymerization had extended into the psi region. The R601A and ⌬C mutant viruses exhibited no detectable plus-strand synthesis for all concentrations of viral infections. Synthesis of plus strands clearly occurred in the H594A, I597A, and G602A mutant viruses (Fig. 6C) . As with minus-strand DNA synthesis, there was much less plus-strand synthesis detected than with the WT virus. Levels were slightly higher for the H594A and I597A mutant viruses than for the G602A mutant. These results were in accordance with the results observed for minusstrand synthesis. The findings also suggest that there is no major block after minus-strand synthesis and before plusstrand synthesis; that is, plus-strand priming is not specifically impaired.
Sequence analysis of LTR-LTR junctions in circular DNAs reveals improper viral DNA ends for the H594A, I597A, and G602A mutants. Although the alanine substitution viruses had a significant reduction in their ability to synthesize DNA, differences in levels of DNA detected by PCR did not always correlate with the differences observed in viral-spread kinetics. One possible explanation for the varied rates of replication is that the mutants may differ in their abilities to cleave specific bases needed for correct DNA synthesis. The RNase H domain must cleave specific bases to define the proper 5Ј DNA ends needed for integration (6, 7) . After formation of the linear DNA, a portion of the DNA is circularized by host enzymes; thus, it is possible to determine both termini of the linear DNA by sequencing the LTR-LTR junction of the circular DNAs. PCR primers were used to amplify the LTR-LTR junctions, the amplified DNAs were cloned into a plasmid vector, and individual clones were sequenced. The left LTR of the viral DNA contributes the observed U3 sequences and is determined by plus-strand priming from the PPT and PPT primer removal. The right LTR of the viral DNA contributes the observed U5 sequences and is determined by minus-strand priming from tRNA Pro and its removal from the minus strand. Previous analysis of mutant viruses with a deletion near the PPT revealed four different classes of LTR-LTR junctions (1). Group 1 consisted of the normal 5Ј-U5-U3-3Ј junction derived from ligation of WT termini, containing a perfect inverted repeat. Group 2 junctions contained deletions in either the 5Ј end or the 3Ј end of the proviral DNA. Group 3 consisted of insertions between U5 and U3 of foreign or unknown sequences. Group 4 consisted of insertions of viral DNA that arose by either mispriming or failure to remove tRNA Pro or the PPT primers. WT virus gave rise to groups 1, 2, and 3 LTR-LTR junctions but did not result in group 4 junctions (Fig. 7A) . In this experiment, 9 of 14 clones from WT virus were in group 1. This result was consistent with previous findings in which roughly half of WT viral LTR-LTR junctions are of the normal group 1 type (1).
Of eight clones analyzed for the H594A mutant virus, only one was of the normal group 1 type (Fig. 7B) . Two of the clones were of group 2 (deletions). No clones were of the group 3 type. There were, however, five clones with viral sequence insertions within group 4. Three of these had an insertion of TG or TGG. The insertions of TG or TGG are most simply explained as a result of RNase H cleavage 2 or 3 bp 5Ј from the end of tRNA Pro during primer removal (24, 25) . Two of the viral insertion clones for group 4 included sequences from the PPT and are explained by plus-strand mispriming just upstream of the PPT or by the failure to remove the PPT primer. For the I597A mutant virus, two of the eight clones gave rise to normal group 1 junctions (Fig. 7C) . Five of the clones, however, gave rise to group 4 junctions with viral sequence insertions. Three of these group 4 insertions contained sequences from the PPT, while the remaining two had viral sequences from the 5Ј end of the viral genome (PBS and/or gag). Finally, the G602A mutant virus gave rise to three clones in group 1, four clones in group 2, one clone in group 3, and three clones in group 4 (Fig. 7D ). All three of the group 4 clones were single-base-pair insertions of T that were probably a result of cleavage 1 bp 5Ј from the end of the tRNA Pro primer (24, 25) . Three of the four group 2 clones revealed large deletions (Ͼ90 bp) in the 5Ј end of U3. Such large deletions were not observed for the WT virus.
These results are most readily explained by the reduction in RNase H activity as observed for the C helix mutant RTs in vitro. Complete removal of PPT and PBS RNA sequences may require multiple, nonspecific cleavage events that the mutant RTs are not able to perform efficiently, resulting in retention of primer sequences on the DNA termini. In addition, the lower RNase H activities of the mutant RTs may particularly disrupt PPT primer formation, a process that requires at least one discrete cleavage at its 3Ј end for the proper positioning of plus-strand synthesis initiation. If the reduced RNase H activity of the mutants results in incorrect or nonfunctional PPT primers, then mispriming of plus-strand synthesis upstream of the PPT region would result in PPT sequence additions to the 5Ј viral DNA terminus. Priming downstream of the PPT re- on October 14, 2017 by guest http://jvi.asm.org/ gion, however, would result in deletions in the 5Ј viral DNA terminus into U3. An alternative explanation for these deletions in the 5Ј viral DNA terminus is the possibility of incomplete synthesis of full-length minus strands through the entire LTR after second-strand transfer. The H594A and G602A mutant viruses displayed defects with complete tRNA Pro removal, as was evidenced by insertions of T, TG, or TGG in LTR-LTR junctions. The H594A and I597A mutant viruses had insertions of regions near and including the PPT that could have resulted from improper plus-strand priming upstream of the normal PPT sequence or defective PPT primer removal. The G602A mutant virus displayed large deletions in the 5Ј viral DNA terminus that may have arisen from improper plus-strand priming downstream of the PPT or the failure to complete full-length, minus-strand polymerization. Although the I597A mutant RT had the highest level of in vitro RNase H activity of the mutant RTs (90% of the level of WT RT), the I597A mutant virus still produced a high proportion of defective circle junctions (six of eight clones) and had the longest delay in kinetics of viral spread. This necessitated the further analysis of the mutant RTs.
H594A, I597A, R601A, and G602A RTs demonstrate defects in PPT recognition and RNA cleavage in vitro. Five of seven LTR-LTR junctions from the various RNase H mutant RTs contained insertions of regions near and including the PPT. One explanation is that improper plus-strand priming or lack of PPT removal (or both events) resulted in the retention of PPT sequences at the 5Ј plus-strand viral DNA end. To further test this notion, a PPT-U3 recognition and cleavage assay was performed in vitro. A 5Ј-end, radiolabeled oligoribonucleotide consisting of the 13 nucleotides of the PPT sequence plus the first 7 nucleotides of U3 (PPT-U3) was annealed to a complementary, single-stranded DNA with overhangs of 2 and 6 bp on the 5Ј and 3Ј ends, respectively (Fig. 8A) . The substrate was incubated with increasing amounts of WT and mutant RTs (5 to 160 nM) in the presence of magnesium for 20 min. Reaction products were then purified and analyzed by electrophoresis through a denaturing polyacrylamide gel. WT RT first cleaved the radiolabeled RNA to a 15-nucleotide fragment and then to a final 13-nucleotide product (Fig.  8B to D, lanes 5). ⌬C RT did not efficiently cleave the PPT-U3 substrate and did not make correct cleavages even at the highest protein concentration (Fig. 8B, lane 11) . Mutant D524N RT has a mutation in a conserved aspartic acid residue that is part of the active site of all RNases H (3, 17). D524N RT does not possess RNase H activity and was used as a negative control to demonstrate that there was no E. coli RNase activity contaminating the protein preparations. D524N RT did not cleave the substrate at all (Fig. 8B, lanes 12 and 13) . H594A RT specifically cleaved the PPT-U3 substrate to the 13-nucleotide fragment only at the highest level of enzyme (Fig. 8C, lanes 6 to 11) . I597A RT cleaved the PPT-U3 sub- on October 14, 2017 by guest http://jvi.asm.org/ strate to the 13-nucleotide fragment at a twofold-higher level of enzyme than did WT RT (80 versus 40 nM) (Fig. 8C, lanes  12 to 17) . G602A RT cleaved the substrate to the 13-nucleotide PPT fragment only at the highest level of enzyme (Fig. 8D,  lane 17 ). There was, however, stronger evidence of nonspecific PPT cleavage for G602A as seen in the intense ladder of cleavage products below the 13-nucleotide PPT fragment (Fig.  8D, lane 17) . R601A RT was extremely defective and did not cleave the PPT-U3 substrate to the 13-nucleotide PPT fragment, similar to what occurred with ⌬C RT (Fig. 8D, lanes 6 to  11) . R601A RT, however, did cleave the substrate nonspecifically, as is seen in the ladder of cleavage products at the highest level of enzyme (Fig. 8D, lane 11) . Such a distinctive and intense ladder of smaller RNA molecules was not seen in any of the WT RT reactions (Fig. 8B to D, lanes 5) . The PPT-U3 cleavage tests of WT RT and all of the mutant RTs in the presence of manganese, however, showed nonspecific cleavage activity at levels similar to those of the previously described ( Fig. 5) , nonspecific assay performed with magnesium (data not shown). These results suggest that the C-helix point mutants are less efficient in forming the proper PPT primer for plus-strand synthesis. The nonspecific, in vitro RNase H assay showed mutant ⌬C and R601A RTs to have 4 and 8% of the WT RT RNase H activity, respectively (Fig. 5) . In this in vitro PPT-U3 recognition and cleavage assay, ⌬C and R601A RTs failed to properly form the PPT primer even at 160 nM ( Fig. 8B and D,  lanes 11 ). WT RT efficiently formed the PPT primer at 40 nM ( Fig. 8C and D, lanes 5 ). The nonspecific, in vitro RNase H assay showed the H594A, I597A, and G602A mutant RTs to have 50, 90, and 50% of the level of WT RT RNase H activity, respectively (Fig. 5) . The H594A, I597A, and G602A mutant RTs had 25, 50, and 25% of the level of WT RT RNase H activity, respectively, on the PPT-U3 hybrid substrate (Fig. 8C,  lanes 11 and 16, and D, lane 17) . Overall, compared to WT RT, the C-helix mutant RTs have even less RNase H activity on the PPT-U3 hybrid substrate than on nonspecific heteropolymeric substrates.
DISCUSSION
Previous analysis of Mo-MLV ⌬C revealed normal DNA polymerase activity on homopolymer templates present in excess but a major decrease in ⌬C RT's ability to process DNA synthesis activity on viral and nonviral RNA templates in vitro (5, 31) . Here, we detected no minus-strand strong-stop DNA or longer DNA products for ⌬C RT in vivo (Fig. 6) . The discordance between assays in vitro and in vivo may have been due to the higher concentrations of deoxynucleoside triphosphates and the primer or template supplied in vitro versus in vivo or other differences between the conditions. With regard to RNase H activity, our studies showed ⌬C RT to have only about 4% of the level of WT activity by a conventional enzyme assay (Fig. 5) . Loss of the C helix, therefore, seems to dramatically disrupt RNase H function. Considering the data together, the absence of minusstrand strong-stop DNA synthesis in vivo and low RNase H activity in vitro for ⌬C RT support the hypothesis that the Mo-MLV C helix is important for efficient activity for both the polymerase and RNase H domains.
Analysis of point mutations in the C helix has led to the identification of several crucial residues. We concentrated our studies on those alanine substitution point mutations that gave rise to attenuated or replication-defective viruses, the H594A, I597A, R601A, and G602A mutants. The defects of all four mutants are most likely not due to gross misfolding of RT since they all retain WT levels of DNA synthesis activity on homopolymeric substrates ( Table 2) . Consideration of the locations of these residues in the known structure of bacterial RNase H is informative. The implicated Mo-MLV C-helix residues H594, I597, R601, and G602 correspond to W81, N84, R88, and G89, respectively, in the E. coli sequence. The crystal structure of E. coli RNase H shows residues W81, N84, and R88 to lie on the same side of the helix facing solvent space that is proposed to make contact with the RNA-DNA hybrid substrate ( Fig. 9 ) (20, 21, 35) . In addition, recent crystal structure data of Mo-MLV RNase H from this lab and superimposition modeling upon the crystal structure of HIV RT bound to a substrate confirm that side chains of H594, I597, and R601 may point towards the substrate (unpublished data). It is possible that mutations H594A, I597A, and R601A have directly disrupted substrate interactions that result in the phenotypes observed. E. coli residue G89 resides just beyond the C terminus of the C helix and lies on the opposite side from residues H594, I597, and R601. Changes in G602 may affect C-helix stability or position and its normal interactions with the rest of the RNase H domain. PCR with 20 cycles of amplification detected very little viral DNA made by the R601A mutant virus. This same analysis, however, showed the presence of at least some viral DNA in cells infected with the replication-competent H594A, I597A, and G602A mutants, albeit in amounts smaller than that of the WT virus (Fig. 6) . The low levels of mutant viral DNAs may account for the requirement for PCR amplification for detection. PCR, however, does not reveal the possible heterogeneity of DNA which may have resulted from defective reverse transcription. The reduction in reverse transcription efficiency for these three mutant viruses certainly provides an explanation for the delays observed in the kinetics of mutant virus spread. Although the PCR analysis performed here may not accurately measure absolute quantities of viral DNA, the mutant viruses were qualitatively less efficient in viral DNA synthesis than the WT virus.
To analyze specific RNase H cleavage events, we sequenced circle junctions of reverse-transcribed viral DNAs from Rat2-2 cells infected with mutant and WT viruses. All the mutant viruses resulted in various defective LTR-LTR junctions not observed with WT virus (Fig. 7) . Overall, the mutant viruses had a lower proportion of normal junctions (much less than the 50% ratio normally observed with WT virus). The H594A and G602A mutant viruses, but not the I597A mutant, resulted in viral sequence insertions that most likely resulted from RNase H cleavage within the minus-strand primer, tRNA Pro , rather than at the DNA-primer junction ( Fig. 7B and 8D ). Linear DNAs containing extra bases could probably be integrated into the host DNA at a normal level of efficiency; mutant viruses carrying additions of a few nucleotides at this position were viable and replicated well (7) . WT HIV RT has been observed to retain a terminal A ribonucleotide, both in vitro and in vivo, resulting from RNase H cleavage one base 5Ј of the U5-tRNA Lys junction (22) . While Mo-MLV RT apparently does not retain a terminal ribonucleotide A in vivo, experiments show that it does in vitro (25) . The circle junction analysis suggests defects in complete tRNA primer removal from the minus-strand DNAs for H594A and G602A mutant RTs. Some of these mutant DNAs may retain viability; there were a total of 3 probably viable clones of 8 analyzed with the H594A mutation and 6 viable clones of 11 analyzed with the G602A mutation. The higher ratio of viable clones may possibly explain why mutants with the H594A and G602A mutations have shorter delays in viral-spread kinetics than do mutants with the I597A mutation, of which only two of eight clones analyzed were viable.
Other defects observed in circle junctions from mutant viruses included gross deletions in both the left and right LTRs and retention of the plus-strand primer or sequences from the PPT. Deletions may result from inappropriate priming downstream of either the PBS or the PPT or failure to complete minus-or plus-strand synthesis through the LTRs. Retention of the PPT sequence can result from inappropriate plus-strand priming upstream of the PPT or the failure to remove the PPT primer. The I597A mutant virus displayed many LTR-LTR junctions with viral sequence insertions (Fig. 7C) . Three of these included the 13 nucleotides of the PPT, while the other two insertions most likely resulted from a combination of minus-strand mispriming and rearrangements. These retentions of longer sequences may also account for the increased delay in replication manifested by the I597A mutant.
Overall, the circle junction analysis revealed that the C-helix mutations caused defects in both minus-and plus-strand priming, complete strand synthesis, and primer removal. Since the PPT sequence was found to be retained in a number of LTR-LTR junctions, we tested the C helix mutants' abilities to make specific cleavages in assays performed on the critical PPT-U3 sequence. The assay mimics the step of plus-strand initiation. In the presence of magnesium, WT RT specifically cleaved the PPT-U3 to form the appropriate 13-nucleotide fragment at low enzyme concentrations (Fig. 8B) . H594A, I597A, and G602A RTs all properly cleaved at the PPT-U3 junction but only at higher enzyme concentrations ( Fig. 8C and D) . Both R601A and ⌬C RT did not cleave the PPT-U3 to the specific 13-nucleotide fragment (Fig. 8B  and D) . The mutant R601A and G602A RTs displayed nonspecific degradation of the PPT in the presence of magnesium as evidenced by the ladder of products shorter than 13 nucleotides (Fig. 9D) . Such nonspecific cleavage of the PPT was not observed for WT RT (Fig. 8B to D) . The inability of the C-helix point mutant RTs to form the 13-nucleotide PPT primer as efficiently as WT RT may account for the sequence defects observed at the 5Ј termini of mutant viral DNAs. The mutant RTs had even less efficient RNase H activity upon the PPT-U3 substrate than upon a nonspecific substrate with respect to the WT RT. If the C helix mutant RTs do not initiate plus-strand synthesis from the PPT region, then priming may occur elsewhere. If priming occurs in the U3 region, U3 deletions within the 5Ј terminus of the plus strand would result, as was observed with the H594A and G602A mutant viruses (Fig. 7B and D) . If priming occurs further upstream, retention of the PPT and further upstream sequences on the 5Ј terminus of the plus strand is expected, as was observed for the H594A and I597A mutant viruses ( Fig. 7B and C) .
Recently, the crystal structure of HIV RT bound to an RNA-DNA hybrid composed of the HIV PPT-U3 region was solved (23) . The data show that regions in both the polymerase and RNase H domains bind and position the RNA-DNA substrate such that the unusually narrow minor groove of the PPT prevents the RNA strand from interacting with the catalytic site of RNase H. In addition, the primer-template normally adopts a 40°to 45°bend between the polymerase and RNase H active sites. Such a bent structure may not be physically possible for the sequences of the PPT. The "stiffness" of the PPT may induce a pause at the polymerase active site such that cleavage favorably occurs at the PPT-U3 junction. The structure suggests that if a C helix and following loop were added to the HIV RNase H domain, they would reside very close to the phosphate backbones and major groove of the RNA-DNA substrate. Such placement favors a role for the C helix and following loop of interacting with the substrate. Residues of the HIV connection domain of p66 make contacts with the substrate in this same region. The model suggests that, in Mo-MLV RT, the C helix may well make contact directly with the substrate and that alterations in the helix may well affect the overall enzymatic activities of both the polymerase and RNase H domains.
We have demonstrated that disruption of the Mo-MLV C FIG. 9. Worm diagram of the crystal structure of E. coli RNase H (35) . The C helix is represented by the region in red and yellow. Alpha-carbon positions are shown for W81, N84, R88, and G89, which correspond to Mo-MLV RT residues H594, I597, R601, and G602, respectively. The recent crystal structure of Mo-MLV RNase H (unpublished data) and the crystal structure of E. coli RNase H superimposed upon an HIV RNase H bound to RNA-DNA show that the C helix may contact the substrate. Side chains for W81, N84, and R88 point to the side of the helix that is proposed to face the primertemplate (toward the viewer), while G89 faces the opposite side (away from the viewer). The primer-template is proposed to lie roughly above the model from the top to bottom of the figure. This figure was made with MOLSCRIPT and Raster 3D (20, 21) .
helix interfered with both the polymerase and RNase H functions in vivo. The R601A and ⌬C mutants drastically reduced RNase H activity and the ability of the DNA polymerase to make long DNA, which accounted for their failure to replicate. The H594A, I597A, and G602A mutants retained both enzymatic activities at various levels, though all three mutant RTs synthesized less viral DNA than did WT RT. The reduced levels of the activities of both enzymes in the H594A and G602A mutants correlated with the observed delays in the kinetics of mutant-virus spread. While the I597A mutant possessed more RNase H activity and levels of viral DNA polymerase activity equivalent to those of the H594A and G602A viruses, the I597A mutant possessed the slowest kinetics in viral replication. We therefore speculated that the I597A virus may suffer grosser defects with specific cleavage events. In support of this notion, the I597A mutant did have a greater proportion of viral DNAs with severely defective termini than the H594A and G602A viruses. While the Mo-MLV C helix probably plays a role in cleavage efficiency at both the U5-PBS and PPT-U3 junctions, our mutants displayed grosser defects with PPT-related events. The in vitro PPT-U3 recognition and cleavage assay used here revealed that the mutant RTs had poor RNase H efficiency at the PPT-U3 junction compared to that of WT RT. The I597A mutant, however, was no more defective than the H594A and G602A mutants in this assay. Therefore, we cannot rule out the possibility that other undetected defects may explain the I597A mutant's longer delay in its kinetics of viral replication. These results support the model of the C helix playing a role in primer-template binding and contributing to PPT sequence recognition and efficient cleavage at the PPT-U3 junction.
